[1] Resistivity at the bit tools typically provide images of wellbore breakouts only a few minutes after the hole is drilled. In certain cases images are taken tens of minutes to days after drilling of the borehole. The sonic caliper can also image borehole geometry. We present four examples comparing imaging a few minutes after drilling to imaging from about 30 min to 3 days after drilling. In all cases the borehole breakouts widen with time. The tendency to widen with time is most pronounced within a few hundred meters below the seafloor (mbsf), but may occur at depths greater than 600 mbsf. In one example the widening may be due to reduced borehole fluid pressure that would enhance borehole failure. In the three other cases, significant decreases in fluid pressure during temporal evolution of breakouts are unlikely. The latter examples may be explained by time-dependent failure of porous sediments that are in an overconsolidated state due to drilling of the borehole. This time-dependent failure could be a consequence of dilational deformation, decrease of pore fluid pressure, and maintenance of sediment strength until migrating pore fluids weaken shear surfaces and allow spallation into the borehole. Breakout orientations, and thus estimates of stress orientations, remain consistent during widening in all four cases. In vertical boreholes, breakouts wider than those initially estimated by resistivity imaging would result in higher estimates of horizontal stress magnitudes. Because the vertical overburden stress is fixed, higher estimated horizontal stresses would favor strike-slip or thrust faulting over normal faulting.
[1] Resistivity at the bit tools typically provide images of wellbore breakouts only a few minutes after the hole is drilled. In certain cases images are taken tens of minutes to days after drilling of the borehole. The sonic caliper can also image borehole geometry. We present four examples comparing imaging a few minutes after drilling to imaging from about 30 min to 3 days after drilling. In all cases the borehole breakouts widen with time. The tendency to widen with time is most pronounced within a few hundred meters below the seafloor (mbsf), but may occur at depths greater than 600 mbsf. In one example the widening may be due to reduced borehole fluid pressure that would enhance borehole failure. In the three other cases, significant decreases in fluid pressure during temporal evolution of breakouts are unlikely. The latter examples may be explained by time-dependent failure of porous sediments that are in an overconsolidated state due to drilling of the borehole. This time-dependent failure could be a consequence of dilational deformation, decrease of pore fluid pressure, and maintenance of sediment strength until migrating pore fluids weaken shear surfaces and allow spallation into the borehole. Breakout orientations, and thus estimates of stress orientations, remain consistent during widening in all four cases. In vertical boreholes, breakouts wider than those initially estimated by resistivity imaging would result in higher estimates of horizontal stress magnitudes. Because the vertical overburden stress is fixed, higher estimated horizontal stresses would favor strike-slip or thrust faulting over normal faulting.
Introduction
[2] Logging while drilling (LWD) resistivity at the bit (RAB) imaging has provided major advances for geodynamic, structural, and lithologic interpretation of Integrated Ocean Drilling Project (IODP) boreholes. The most dramatic results have estimated present-day stress orientations using both breakouts and structural data interpreted from the RAB images [McNeill et al., 2004; Goldberg and Janik, 2006; Weinberger and Brown, 2006; Ienaga et al., 2006; Moore et al., 2009b ; Y. Yamada et al., Structural styles across the Nankai Accretionary Prism revealed from LWD borehole images and its correlation to seismic profile: Results from IODP Expedition 314, submitted to Geochemical Geophysics Geosystems, 2010] . Stress magnitude has also been estimated from borehole breakouts [Chang et al., 2010] .
[3] The development of breakouts has been explained using a number of different mechanisms, which include brittle failures in shear [Zoback et al., 1985] , extensile fractures [Zheng et al., 1989] , or mixed mode fractures [Zheng et al., 1989; Cuss et al., 2003] . Experimental and numerical studies also indicate that breakouts develop progressively in depth with time; however, the width does not increase in time for constant stress conditions [Zoback et al., 1985; Hamison and Herrick, 1989; Cuss et al., 2003] . Rocks used in the experimental studies on borehole breakouts discussed above were either crystalline rocks or porous clastic rocks with some cementation.
[4] Here we report on porous, weak muddy sediments that appear to exhibit significant time-dependent growth of their borehole breakout geometry, especially their width. Such changes can introduce errors into inferences of stress orientations and stress magnitudes and need to be understood to evaluate borehole geomechanics and tectonics. In IODP boreholes in sediments, RAB images are our primary tool to study borehole breakouts. RAB images are normally collected within a few minutes of cutting of the borehole but may be delayed tens of minutes to days due to routine or exceptional borehole operations. We have examined a series of logging while drilling resistivity and ultrasonic caliper images, collected from a few minutes to days after cutting of the borehole. These images span the Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) transect of the subduction zone of SW, Japan (Figure 1) , and represent the most complete set of IODP resistivity images across a continental margin, active or passive.
Geologic Setting of the Nankai Trough Subduction Zone Transect Across the Kumano Forearc
[5] The subduction of the Philippine Sea plate beneath southwest Japan forms the Nankai Trough and the associated accretionary prism. In the Kumano region estimates of the rate of subduction range from 4 to 6.5 cm/yr along azimuths of 300°t o 315° [Seno et al., 1993; Miyazaki and Heki, 2001; Zang et al., 2002] . Along the NanTroSEIZE transect, the subduction direction is rotated about 15°to 30°counterclockwise from the dip azimuth of the margin, so there is a component of obliquity (Figure 1 ). The sedimentary sequence of the continental margin originated both from the deposits on the oceanic plate, that were structurally emplaced to form the accretionary prism, and sediments accumulated on the slope and in the forearc basin on top of the accretionary prism Saito et al., 2010] . Large-scale thrust faults dominate the structure of the margin [Moore et al., 2007 [Moore et al., , 2009a . Large apparently active megasplay (out-ofsequence thrust) faults emerge along the inner trench slope [Moore et al., 2007] and may have slipped during the M 8.1 earthquake that occurred 1944 earthquake [Baba and Cummins, 2005] . Small-scale normal faults are common in the forearc basin [Gulick et al., 2010] . Analysis of the cores from all sites studied here (Figure 1 ), reveal small-scale faults of normal, thrust, and strike-slip displacement .
[6] The borehole images analyzed here extend to more than 600 mbsf and are mostly in mudmudstone, with local sand layers probably of turbidite origin Saffer et al., 2010; Saito et al., 2010] . Both accreted and slope/forearc basin deposits are included in the images analyzed here. At the depths of the breakouts we studied, shipboard measurements of core sample's porosities range from greater than 60% to slightly less than 40% Saito et al., 2010] . [7] The following discussion of logging tool specifications is taken from [Bonner et al., 1994 [Bonner et al., , 1996 , plus personal communications from Schlumberger engineers during Expeditions 314 and 319. The resistivity at the bit tool records five different resistivity measurements, three of which are azimuthal (Figure 2 ). The azimuthal resistivity is recorded 56 times during each rotation of the bit or about once every 6.4 degrees of rotation. The azimuthal resistivity measurements are taken at shallow, medium and deep levels of investigation or approximately 2.5, 7.6, and 12.7 cm from the external surface of the tool [Bonner et al., 1996] . In general it is most effective to use the shallow level of Figure 1 . Location of IODP sites across NanTroSEIZE transect. Stars with dates indicate location and timing of great earthquake epicenters [Ando, 1975] . Yellow arrows show convergence directions between the Philippine Sea Plate and Japan [Seno et al., 1993; Miyazaki and Heki, 2001; Zang et al., 2002] .
Logging While Drilling Technology and Data Presentation
investigation when imaging the borehole for structural features and borehole failure. The horizontal resolution of the RAB images at shallow depth of investigation is about 2 cm for a 21.5 cm (8.5 inch) hole (drilled during Exp. 314) and about 2.5 cm for a 31.1 cm (12.25 inch) hole (drilled during Exp. 319) (Schlumberger, Pers. Com. 9/30/07). The vertical resolution is about 5-7.5 cm for either hole size.
[8] Although this paper focuses on the resistivity images, much of the ancillary data used to explain the images is from other logging tools (Figure 2) . Other tools in the drill string provide information on natural radioactivity (gamma ray), density, and locally hole size from a sonic caliper; these data were available as images with azimuthal sampling of 56 per revolution for gamma ray, and 16 per revolution for density and sonic caliper. The sonic caliper provided useful images whereas the gamma ray and density images were not sufficiently variable for image interpretation. The LWD tool assembly used during Exp 314 and 319 also recorded information about annular pressure while drilling, rate of penetration, and rate of rotation as part of measurement while drilling (MWD).
[9] The RAB image is recorded about 3 m above the bit. At a 30 m/h penetration rate, the image is recorded 6 min after the hole is cut. We have used the shallow level of investigation of the RAB images to best resolve the borehole wall for structural features and borehole failure. Images can be analyzed with "static" normalization (uniform gain throughout the borehole), or with dynamic normalization. In the latter, to better highlight small-scale features, gain is adjusted in a stepwise fashion according to the range of data in small depth intervals of the borehole. For consistency we show static normalization in most figures.
[10] The geometry of borehole failure or breakouts is widely used to infer present-day stress orientations both in industry and scientific boreholes [Zoback, 2007] , and has been an important tool for understanding the state of stress in the Nankai trough [McNeill et al., 2004; Ienaga et al., 2006; Tobin and Kinoshita, 2009; Lin et al., 2010] . In the shallow vertical wells that IODP commonly drills the vertical stress is typically a principal stress; moreover, breakouts and/or drilling-induced tensional fractures can be used to estimate stress orientations and magnitudes in a plane perpendicular to the borehole [Moos and Zoback, 1990; Zoback, 2007; Chang et al., 2010] .
[11] In a RAB image, breakouts are recognized as zones of decreased resistivity on opposite sides of the borehole. The decreased resistivity is interpreted as an enlarged area between the resistivity tool and the borehole wall where there is a greater volume of more conductive (less resistive) drilling fluid [Goldberg and Janik, 2006] . Because the minimum depth of investigation of the RAB tool is about 2 cm and breakouts narrow away from the borehole wall, the RAB image may show a smaller angular image of the breakout than its limits at the borehole wall. However, because of the possibility of focusing of the current into the more conductive breakout, this geometric effect is difficult to evaluate.
Examples of Temporal Evolution of Borehole Breakouts
[12] At a number of the NanTroSEIZE sites, borehole breakouts show evidence of growth through time. In each example below, we outline the breakout geometries observed by RAB and ultrasonic imaging, and document their temporal sequences. In section 4.1.2, we recount what is known about the drilling and fluid pressure conditions and any changes that could have altered the geometry of the breakouts. Following these examples we present a model of time-dependent failure that may explain the growth of breakouts and explore some of the implications for estimation of stress orientations and magnitudes.
Breakout Evolution During Addition of Pipe Sections
4.1.1. Breakout Geometry [13] The most straightforward example of breakout growth with time is documented by the correlation of their widening with intervals of pipe addition to the drill string. At Site C0002 a particularly good example occurs from 397 to 480 mbsf encompassing three intervals where drilling stopped to add a 38 m stand of pipe (Figure 3a) . The RAB image is normally collected about 6 min after cutting the borehole during drilling at a rate of 30 m/h. However, when pipe is added, drilling stops and the drill string is pulled off the bottom of the hole; in this case, the section between the bit and the RAB tool does not get imaged for 30 to 45 min after the hole is cut in these approximately 3 m intervals. Note that observed breakouts are narrow or absent outside of the areas where drilling stopped and imaging was delayed (Figure 3a) . Similarly, at Site C0001, between 100 and 300 mbsf, the breakouts are wider and more uniformly developed in the intervals where the time after bit (TAB) increases from 6 min to 30 to 45 min following pipe stand addition (Figure 3b ). At Site C0001 the correlation between wider breakouts and longer TAB is less pronounced from 200 to 300 mbsf than in the interval from 100 to 200 mbsf (Figure 3b ). [14] Correlations similar to those above, between TAB and breakout development during intervals of pipe addition, exist at all other LWD sites across the Geochemistry Geophysics Geosystems G 3 G 3 NanTroSEIZE transect. However, not every interval of pipe addition and extended TAB is characterized by enhanced breakouts.
Drilling Conditions
[15] Addition of a 38 m "stand" of drill pipe involves pulling the bit off the bottom of the hole for at least 38 m while continuing to pump. The raising of the pipe over this interval is intended to clean the hole of cuttings. After returning the bit to the bottom of the hole, the pipe is raised 6 m off bottom with the pumps off and a new section is added. The fluid pressure, recorded while drilling, 13 m above the bit, was hydrostatic or slightly above in the examples noted (Figure 4 ). Because the pumping continues during raising of the pipe 38 m or more, it is likely fluid pressure conditions remain similar to those during drilling. However, when the pipe is raised 6 m from the bottom, with the pumps off, before adding a section, it is possible a suction or "swab" effect occurs below the bit, decreasing fluid pressure and perhaps enhancing borehole failure. Unfortunately, we have no means of evaluating the pressure at or below the bit at any time, because the pressure sensor is 13 m above the bit. A decrease in fluid pressure would occur if the annulus between the bit and the borehole wall is clogged. When drilling resumes the lower 3 m of the borehole, the distance between the bit and the shallow resistivity sensor, is imaged. Finally there is a dynamic fluid pressure due to circulation, which would not be present when pumps are stopped. The variations in fluid pressure in the hydrostatic sections of pressure records suggest this dynamic effect is small, about 2% to 5% of total pressure at the depths we drilled (Figure 4 ).
Ultrasonic Caliper Images Verses RAB Images
4.2.1. Breakout Geometry [16] Resistivity at the bit images are collected promptly, 3 m above the bit. In contrast, the ultrasonic caliper tool is located about 28 m above the bit (Figure 2) , with a typical time lapse from hole cutting (TAB) of 55 to 95 min. Unfortunately the ultrasonic caliper operated only during the upper half of Site C0001, so we only have the one comparative imaging example for RAB and ultrasonic caliper.
[17] The ultrasonic caliper tool provides a direct measurement of borehole diameter at 16 intervals during each rotation of the bit [Expedition 314 Scientists, 2009] . These data are displayed as an image ( Figure 5 ) and extracted as a direct measurement of borehole geometry (Figures 5 and 6 ). At Site C0001, an overlay of the limits of the breakouts from the resistivity image over the ultrasonic caliper image shows that the breakouts in the resistivity images are narrower and encompassed by the limits of the ultrasonic caliper breakout (Figure 5b ). In this same interval, between 200 and 300 mbsf, the stacked ultrasonic caliper data indicates the breakouts have a maximum average depth of about 3-3.5 cm, dropping to an average depth of about one centimeter of hole enlargement between breakouts (Figure 6 ).
[18] The width of the breakouts, as seen both in the sonic caliper image ( Figure 5 ) or inferred from the actual sonic caliper depth measurements (Figure 6 ), is greater than that inferred from the resistivity image. The average width of the breakouts measured by the shipboard scientific party in the 200 to 300 mbsf interval at C0001 is 40° ; this value includes the enlarged breakouts formed during the pipe stand additions, however. In contrast, the width of the breakouts measured from the average of the stacked ultrasonic caliper data is about 135° (Figure 6 ).
Drilling Conditions
[19] The expansion of breakouts documented by the ultrasonic caliper measurement apparently occurs under constant fluid pressure conditions. A pressure measurement in the annulus of the borehole (recorded ∼10.2 m above the RAB imaging tool and ∼13.2 m above the bit) indicates a hydrostatic gradient between 200 and 300 mbsf at Site C0001 (Figure 4) . The consistent hydrostatic gradient from about 100 to about 350 mbsf at C0001 suggests that the RAB and ultrasonic caliper measurements were collected under similar pressure conditions in the 200 to 300 mbsf interval (Figure 4) . Thus, the breakouts apparent in ultrasonic caliper measurements taken 50 to 100 min after drilling are not apparently enlarged by decreased fluid pressures in the borehole. (Figure 2 ). Borehole fluid pressures measure total pressure from sea level; hence, the progressive increase in pressure across the diagram represents increasing water depth. Holes generally show near-hydrostatic gradients from about 60 to 300 mbsf depth. Site C0002 shows pressure gradually increasing over hydrostatic with depth. C0001 and C0003 diverge from hydrostatic at shallower depths (200 to 400 mbsf) and were beset with significant drilling problems. Anomalously high pressures at depths of less than 60 mbsf at Sites C0001, C0004, and C0006 are probably due to unconsolidated sediments that create dense slurries in borehole annulus. Black lines represent fluid density of 1.04 g/cc, the probable upper limit for seawater density under borehole P-T conditions.
[20] The ultrasonic caliper is located 28 m above the bit (Figure 2 ) and records the hole size from about 55 to about 90 min after the bit (TAB) (Figure 5d ). The 55 min interval is time required to reach the ultrasonic caliper at a drilling rate of 30 m/h; the longer or about 90 min time interval is caused by the additional time required to add a section of pipe.
[21] Could the ultrasonic caliper diameter be larger than the resistivity measurement because of erosion of the hole by prolonged annular flow of 55 to about 90 min? A horizontally averaged mean standoff of the ultrasonic caliper tool (Figure 5c ) shows no correlation to the longer TAB intervals (Figure 5d ). Short sections of larger hole size in the horizontally averaged ultrasonic caliper (e.g., ∼217 and ∼278 mbsf, Figure 5c ) appear to be stratigraphically controlled by local areas of lower resistivity, probably silty-sandy intervals. Moreover, the tendency of the hole enlargement in the ultrasonic caliper image to encompass that of the resistivity image suggests continuing breakout development as opposed to random hole erosion. 
Imaging Open Hole 4-5 h After Drilling
4.3.1. Breakout Geometry [22] Due to a technical problem halting drilling, a section of borehole between 602 and 630 mbsf at Site C0011 was not logged until almost 5 h after it was drilled (Figure 7) [Expedition 322 Scientists, 2010] . The breakouts are very clearly developed in this section. Portions of the borehole above and below this section were logged 6 to 7 min after the bit and show no breakouts (Figure 7) . A section from 644 to 647 mbsf with a time after bit of up to 30 min shows weak development of breakouts. The section between 644 and 647 mbsf is at the depth of a pipe connection and suffered delays and failure comparable to those described in the Example 1, above.
Drilling Conditions
[23] Sediments at Site C0011, on the incoming oceanic crust, are cut by normal faults [Saito et al., 2010] and therefore probably represent a low stress, extensional tectonic environment with the vertical stress equivalent to the maximum principal stress. In a vertical borehole in this environment, the difference between the maximum and minimum horizontal stresses, which drive breakouts, is suppressed. This state of stress probably explains why breakouts are poorly developed, except where there was a time lapse between drilling and imaging ( Figure 7) . Unfortunately no measurements of borehole fluid pressure were made during drilling of Site C0011. However, there is no reason to believe that the fluid pressure would drop sharply at C0011 during the 4-5 h time interval between drilling and collection of the images. Because the images between 602 and 630 mbsf were taken from an already drilled borehole, they were collected at a constant RPM with an absence of stick-slip [Expedition 322 Scientists, 2010] , which improved image quality.
Borehole Images Collected 3 Days Apart
4.4.1. Breakout Geometry [24] Site C0010 was abandoned on 9 August due to an imminent typhoon, and then reoccupied on 12 August and deepened. During the deepening, parts of the previously drilled hole were reimaged with the RAB tool, providing the longest time lapse of imaging runs over the NanTroSEIZE transect.
[25] The two images were collected 6-7 min and about 3 days after cutting the hole, respectively [Saffer et al., 2010] (Figure 8 ). The image collected immediately after drilling shows very poorly developed narrow breakouts barely 25°wide. In contrast the image acquired 3 days later has breakouts that are about 125°wide. [26] No measurements were made of pressure in the borehole during drilling of Site C0010. However, measurements available at Site C0004, in a comparable setting 3.5 km along strike, show hydrostatic conditions (Figure 4 ). During abandonment, the hole was filled with seawater and there is no reason to expect any decrease in fluid pressure during this time.
Drilling Conditions
5. Summary, Interpretations, and Implications
Summary of Observations
[27] Significant enlargement of breakouts occurs at all sites with LWD imaging during the 30 to 45 min pause to add pipe to the drill string. The growth of breakouts during pipe additions persists to greater 
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Geosystems G 3 G 3 depths in boreholes associated with normal faulting (C0011 and C0002) than in those with seismically imaged thrust faults (C0001, C0004, C0006, and C0010). We cannot be certain that there is not a decrease in fluid pressure during the final raising of the pipe prior to the connection, which may explain breakout enlargement. The growth of breakouts in the ∼50 to 90 min interval between RAB imaging and measurement by the sonic caliper apparently occurred during constant fluid pressure. Growth of breakouts is also apparent in relogged intervals from 4 to 5 h to 3 days after cutting the borehole. The operations during both of these hiatuses in drilling would be unlikely to cause decreases in fluid pressure. In all cases, the azimuths of narrow breakouts observed in images taken shortly after drilling are similar to the azimuths of the wider breakouts observed in images acquired later at the same location.
Options to Explain Breakout Growth
[28] The examples above clearly show that borehole breakouts may grow after their initial imaging a few minutes after the hole is cut. Breakouts form because the borehole concentrates the tectonic or far-field stresses and removes the radial support at the borehole wall [Zoback, 2007] . After the hole is drilled, the material at the borehole wall is subjected to the confining stress generated by the fluid pressure in the hole. In the case of the examples discussed above, the borehole fluid is seawater and the radial stress is less than was present before drilling. [29] The most widely applied model for borehole failure involves estimation of stress magnitudes approximating the drilled material as an elastic solid with a Mohr-Coulomb failure criterion [Zoback et al., 1985; Moos and Zoback, 1990; Zoback, 2007] . Irrespective of the failure model, removal of the lateral support of the borehole during drilling is the key factor causing failure. Over the time span of observed breakout growth, the tectonic stresses are unlikely to change, therefore some other explanation must account for breakout growth.
[30] Below we develop the concept of timedependent failure in soft sediments, our favored model to explain the observations of breakout growth; however, there are other possible explanations. In section 4.1, we mentioned the possibility of a "swab effect," lowering the fluid pressure during the process of pipe addition to the drill string. This may only apply in this one case, so we have eliminated this as a general explanation of breakout growth with time. In section 4.2, we raised the issue of the erosion of the borehole during continued drilling. However, the evidence shows that vertical trends of hole enlargement are localized along the azimuth of the initial breakout direction, suggesting a continuing structural failure process. We cannot rule out the possibility that the flow of fluid through the annulus preferentially erodes incipiently failed breakouts that did not immediately spall into the borehole because of the cohesive nature of the sediment failure surface [Moos et al., 2007] . Localized intervals of horizontal erosion do occur, however, these are best explained by sections of less cohesive sandy or silty beds. Finally, in section 4.4 the borehole was unoccupied during the three days when the breakout growth occurred, eliminating the possibility of erosion due to annular fluid flow. Overall we believe that the most likely process to explain the observed growth of breakouts is timedependent failure of porous sediment. ) m 2 [Dugan and Daigle, 2011; Rowe et al., 2011; Saffer et al., 2011] ; therefore, these deposits undergo initial rapid deformation in a largely undrained state. We hypothesize that the expansion of the sediment by unloading and/or though dilational deformation, initially decreases fluid pressure near the borehole wall strengthening the sediment. We believe gradual weakening and breakout growth would occur as pore fluid migrates from the formation toward the borehole wall (shown diagrammatically in Figure 9 ).
Time-Dependent Borehole Failure With Constant Borehole Fluid Pressure
[32] Dilational hardening or strengthening during undrained defomation of hard rocks is a well-known phenomena [Paterson and Wong, 2005] . Poorly consolidated sediments also show this behavior, as indicated by geotechnical studies of mudstones from IODP holes in the Gulf of Mexico [Urgeles et al., 2007; Dugan and Germaine, 2009] . These experiments were conducted on silty-clay (stones) of about 40% porosity and are a good analog for the muddy sediments in the shallower parts of the NanTroSEIZE boreholes. Samples deformed in an overconsolidated state, under undrained conditions, show elastic-plastic deformation with no strain softening and a decline in pore pressure [e.g., Moore et al., 2011, Figure 7b] . Apparently the decline in pore pressure is due to dilation that allows maintenance of sample strength. Because the borehole failures we observed were at an overconsolidated state, and initially undrained, dilational hardening probably occurred. Over time, the migration of fluid into the dilatant sediment would offset the lowered fluid pressure and allow failure. This process should allow the breakouts to progressively enlarge during this period of fluid pressure equalization (Figure 9 ).
Implications of Growth of Breakouts
[33] If breakouts grow by time-dependent failure under constant borehole fluid pressure, then their measurement in porous sediments within a few minutes after the bit underestimates their width.
Also it is possible that the resistivity imaging systematically underestimates the width of the breakouts (see section 3). The width of a breakout is directly proportional to the magnitude of far field stresses [e.g., Moos and Zoback, 1990; Zoback, 2007; Chang et al., 2010] . Underestimating the breakout width using the RAB images would therefore underestimate stress magnitude. However, we note that breakout azimuth is unchanged therefore measurements of stress orientation remain reliable.
[34] In order to quantitatively evaluate potential changes in stress magnitude and faulting conditions, we calculated horizontal stresses from the limiting measurements of breakout width from resistivity images and sonic caliper measurements from 200 to 300 mbsf at Site C0001, a vertical borehole (Figures 5 and 6 ). These stress polygons illustrate the range of possible horizontal stresses in the Figure 9 . Schematic of time-dependent failure of a borehole. Initial failure occurs at area of highest stress concentration 90°from S HMAX. Areas flanking initial failure undergo incipient undrained failure, but dilatant behavior of porous sediment prevents shear surfaces from weakening. Initial deformation occurs in an overconsolidated state due to release of confining pressure due to drilling of the borehole. Time-dependent fluid migration into incipient failure zones increases fluid pressure on failure surfaces ultimately resulting in their complete failure and spallation into the borehole. This diagram is modeled after general determination of hoop stress variations and therefore the failure propensity around the borehole using an elastic failure model [e.g., Zoback, 2007, Figure 6.3] . However, the model allows for failure geometry to be temporally modulated by changes in fluid pressure due to dilation and subsequent fluid migration into porous sediment.
context of ratios of horizontal stresses that would produce normal, strike-slip, and reverse faulting ( Figure 10) . Chang et al. [2010] provide an overview of this approach and applies it to the drilling transect studied here. The breakout widths used to estimate the stresses represent the end-members from narrow to broad at one locality. The effect on stresses is profound, driving the section of borehole from a field of normal faulting to one lying on the boundary between strike-slip and reverse faulting. The tendency to move the stresses toward strikeslip or thrust faulting is due to the constant overburden, or vertical stress (Sv), and in the increase in maximum (S Hmax ) and minimum (S hmin ) horizontal stresses.
6. Conclusions [35] With the more common usage of RAB imaging, breakouts have been discovered in many IODP holes. These images are recorded about 6 min after the hole is drilled at typical rates of penetration of 30 m/h. Off SW Japan we show that, at depths to 630 mbsf and porosities down to 40%, borehole breakouts in mudstones grow with time after drilling. Typically, the widths more than double in time spans of hours to days. In most cases this appears to occur at constant borehole fluid pressure conditions. Drilling replaces the tectonic confining stresses of the sediments with hydrostatic borehole fluid pressure, subjecting them to a transient effective stress regime associated with pore fluid pressure reduction and dilation. We believe the widening of the breakouts is due to the time-dependent deformation of porous cohesive sediment through a dilatant failure process. Although the width of the breakouts increases, the azimuth remains constant. RAB imaging of breakouts in porous sediments is robust for determining stress orientations but may systematically underestimate stress magnitudes perpendicular to the borehole; widening of breakouts with time leads to higher estimates of stresses in the plane perpendicular to the borehole leading to states Figure 10 . Estimated stress magnitudes for breakouts measured from Site C0001 at ∼265 mbsf. (a) RAB image (40°breakout width or wBO) and (b) ultrasonic caliper (135°breakout width or wBO). Wider breakouts place the borehole in the realm of strike-slip and thrust faulting whereas narrower breakouts favor stress conditions associated with normal faulting. In each case stress magnitude range is variable because the range in estimates of unconfined compressive strength of the borehole wall rocks (2.6 to 3.9 MPa, inferred from velocity). Pore pressure (Pp) is assumed to be hydrostatic following Chang et al. [2010] . Estimates of stress magnitudes are plotted on a "stress polygon," which shows the limiting stress conditions for various types of faulting. For complete explanation of the methods applied to estimate the stresses see the study by Chang et al. [2010] .
of stress favoring strike-slip or thrust faulting over normal faulting.
